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MONITORING SUBSURFACE BARRIER INTEGRITY UsING
PERFLUOROCARBON TRACERS

By T. M. Sullivan,' J. Heiser,” A. Gard,” and G. Senum*

ApsTRACT: Subsurface bamiers are an extremely promising remediation option to many Wwashe-management
problems. It is recognized that monitoring of the barrier is necessary to provide confidence in the ability of the
barmizr to condain the pollutants. However, the large size and deep placement of subsurfsce barriers make
detection of leaks a challenging task, Therefore, typical geophysical methods are not suitable for the mondtoring
of an cmiplaced basres's imtegrity. Perfluorocarbon tracers (PFTe) have been tested 84 & means of barfier ven-
fication at the Hanlord geotechnlcal test facility, where a sollicement barrier was emplaced around a buried
drum. FFTs were injecied beneath the drom for three days in the center of the barrier 3 m below grade. The
concealration af FFTs in seven axtemal and two intemal moaitonng wealls has been measured as a function of
tme over a 17-day period. The dsia have been analyred through sumerical modeling to determine barrier
Integrity and PFT diffusion rates through the barrber. This paper discusses the experimental design, test results,
dats analysis, and modeling of PFT irandport in the subsurface system.

INTRODUCTION

Subszurface barriers are an extremely promising remediation
option to many waste-management problems. Potential uses of
subsurface barmiers include surmounding and containing buried
waste; a5 secondary confinement for wnderground storage
tanks; to direct or contain subsurface contaminant plumes; and
to restrict remediation methods, such 85 vacuum extraction, to
& limited area. Subsurface barmiers are being considered for
use pi many of the Depariment of Energy sites including: San-
dia Mational Laboratory, Idaho Mational Engineering Labora-
tory, Oak Ridge National Laboratory, Hanford, Fernald, and
Rocky Flats. Barmiers are also considered an important reme-
dintion option by the U.5. Environmental Protection Agency
(Siskind and Heiser 1993)

The ability to verify barréer integrity through moaitoring
will be required to gain public acceptance of subsurface bar-
riers as either a primary or secondary means of confinement
of wastes. To effectively contain the wasies, the barriers should
be continuous and have few or mo breaches. Currently, mo
placement technology can guarantes the completeness of the
mgjmmd barrier. A bBreach may be formed b:' many pro-
cesses including discontinuous prout application; joint fos-
mation batween groul panels; cracking duning curing; localized
“tears”” due to differential settling; wet’dry cycling; and, over
time, degradation of the grout due 1o chemical attack,

The large size and decp placement of subsurface barriers
makes the demonstration of barmier integrity a challenging
task. This becomes magnified if the permissible leakage from
the site is low. Several geophysical techniques exist for the
determination of the barrier’s physical properties. These in-
clude the four major types of well-logging techniques (nuclear,
electrical, acoustic, and thermal) as well as tracer technologies.
A detailed review of the applicability of all of these technigques
can be found in Helser (1994). The major finding aof the review
are summarized next

Muclear logging techniques, neutron and gamma logging,
are only accurate over a small spatial range and would require
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& prohibitive number of bore holes (spacing every meter),
Even at this spacing, these technigues are able 1o detect bulk
ies but are not able to accurately detect fractares.

Electrical and electromagnetic logging techniques such as
electrical resistance tomography, radio-imaging method, and
ground-penetrating radar are able to determing bulk properties
at depth, but their spatial resolution is not high enough o
detect discrete fractures. Electrical cross-bore-hole tomogra-
phy (Daily and Rameirez 1993) and bore-hole induction logs
(Boyd et al. 1994) have been used o map affected areas for
remediation and 1o determine grout penctration in soils, but
these studies have been limited to defining gensral locations
and could mot be used to infer barrier integrity. The radio-
imaging method has been used at Sandis Mational Laboratory
on their Chemical Wasie Landfill to detect s0il units of 0.5 m
in size {Borns et al. 1993), Such resolution is stll not accurace
enough for barrier continuity verification,

Acoustic logging shows some promise in being able o lo-
cate small breaches. However, due to multiples reflections of
the acoustic waves, interpretation of the output is often diffi-
cult. Seismic tomography, & form of acoustic logging, has been
tested at Sandia Natonal Laboratories Mixed Waste Landfill
and was able to detect general grout locations; however, the
iechnique was considered inadegquate for verifying barrier con-
tinuity, In a study of high-resolution seismic imaging of frac-
tures in rock, it was concluded that minor structures such as
cracks were pot detectable at the frequencies used in the study
(Majer et al. 1991).

Thermal logging measures temperature varistion within a
region. As such, it may be useful o follow the curing of ce-
mentitious or thermoserting grouts and therefore define the re-
gion of grout injection. However, it will not yield data on
barrier comtinuiny.

Tracer technigques involve emplacement or injecton of a
substance that will migrate 1o a collection well. Based on the
rate of armival at the monitoring well and the transport prop-
erties of the tracer and materials in the subsurface system,
estimates of barrier integrity can be obtained. For subsurface
sil systems, the tracer can be radicactive or nonradicactive
liguids or gases. Radicactive tracers can be incorporated inio
the bamrier grout and the radiation field can be monitored o
ascertain the location of the groul. In this case the migrating
substance is the radiation particle.

For barrier integrity studies in the unsaturated zone, gas-
phase tracers are needed. Liquid-phase tracers will not have
high enough mobility to be useful for determining barrier in-
tegrity on & time scale of weeks, Cas-phase tracers will pro-
vide direct information for volatile compounds and will give
evidence of & breach long before Hguid solute contamination



would escape from the barrer. Thearetically, gas-phase iracers
show promise to be able 1o detect fractures on the order of &
few centimeters in size. This needs 1o be demonstrated on
field-scale applications,

Clas-phase tracers include perfluorocarbon tracers (FFTs)
and sulfur hexaflourides, Both have been applied for leak de-
ection in subsurface systems. FFTs have been used to detect
leaks in buried natural-gas pipelines, the rete of dioxin move-
ment into & commercial building from surrounding contami-
nated soil, the rate of leaking dizlectric fuid from subsurface
electrical cables, the rate of lzaking gasoline from underground
storage tanks, and the rate of rados ingress into residential
hasements (D" Otavio and Deitz 1987, Hom ot al. 1991}

In this study PFTs were chosen as the tracer. PFTs have the
following advaniages and characteristics as compared to other
racers (Deilz 1986).

* Megligible background concentrations; consequently, only
small quantitics are nesded.

* PFTs are pontoxic, nonreactive, nonflammable, environ-
mentally safe (do not contain chlorine), and commercially
available.

= PFT techrology s the most sensitive of all nonradicactive
tracer technologies. Concentrations in the range of 10
ports per quadrillion of air can be easily measured,

* PFT technology can simultaneously deploy, sample, and
analyze up to six PFTs with the same instrementation.
This results in lower cosis and flexibility in experimental
design, testing, and data interpretation,

¢ PFT conceniratlons can be analyzed in a few minutes in
the fickd or in the laboraiory using gas chromatography.

The ability to use multiple tracers at & single site can help
o improve the spatial resolution of the breach. Theoredically,
the combination of monitering data with numerical modeling
of the movement of the PFTs can be used io locaie hole size
down o & few centimeters in size. Testing of the resolution
that can be obtained in the feld remaing 10 be done.

The focus of this paper is to describe the barrier verification
tests conducted using PFTs ai the Hanford geotechnical test
facility and the analysis of the data from the test. The objective
of the 1est was to demonstraie the proof-of-concept that PFT
technology can be used 1o determine if small breaches form
in the barmer and for estimating the effectivensss of the barrier
in preventing migration of the gas tracer 1o the monitoring
wells. The next section describes the st factlity and the ex-
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periment. The experimental resulis and the analysis of the dua
follows. Based on the findings of this study, conclusions are
offered and suggestions for fulure work are presented.

EXPERIMENTAL SYSTEM

Testing was performed af the Hanford geotechnical teat fa-
cility that has been in existence since 1982 (Phillips and Fi-
scher 1982). It was developed 1o obtain information on low-
bevel wasie subsurface burial subsidence contral aliernatives.
Cwer the years, this facility has been used in numerous sub-
surface testing programs. In this study, a low-permeability bar-
rier was emplaced around and beneath a simulated wasie drum
withoul disturbing the waste drum. The confainment struciure
is a multibarrier comprised of a cementitious growt lned with
& polymer grout, The system design called for the two grouts
io be emplaced in a close-coupled fashion such that the
polymer barrier is bonded to the cementitious barrier.

The demonstration of barrier integrity using tracers was
conducted in two parts, In the first phase, PFTs were injecied
intey the system beneath the center of the simulated waste tank
approximately 3 m below grade prior o emplacement of the
polymer grout, This permits evaluation of the cement grout as
8 barrier io release and allows estimation of transport pa-
rarmelers in the cement grout, After completing the tests and
analyzing the data, the polymer grout was injected and the test
repeated. This paper discussss the results of the first phase of
testing. Analysis of the data from the second phase is contin-
uing and will be reported at a lnter time. In the remainder of
the paper, all discussion will refer to the scilfcement barries
system prior o injection of the polymer grout.

The physical sysiem under study is displayed in Fig. 1. The
approximate dimensions of the system are 6.3 m deep and 12.6
m in diameier. The cementitious barrier wall was constructed
by injecting two paralle]l rows of grout at an angle of w4 rad
(45%) to the ground surface. The iop view of the sysiem is
displayed in Fig. 2. In this study, the barrier was covered by
&0 cm of soil. The use of a sloping barrier wall forma an
inveried cone. The second row of the barrier is used to increase
the thickness of the grout barrier and belp ensure that large-
scale breaches in the barmier do not occwr. The average thick-
ness of the cementitious grout barrier is 1 m (this is the thick-
ness in the plane paralle]l o the barrier). Eight monitoring
wells are uniformly spaced parallel to the barmrier wall at &
distance of approximately 1 m from the wall, Two intermal
maoniloring wells were also placed to permit measurement of

6.3dm

Monitoring Wells ;
(1 meeber from barrier

PRIMARY LAYER
POLYMER GROUT

SECONDARY LAYER
CEMENT GROUT

Tank dimensions, 3 m diameter by 2.4 m height

Concrebe bamier, 1.1 m thick
Palymer barrier, §.3m thick

All monilering wells 1 m from barrier surface
Fi3. 1. Schamatic Drawing of Side View of Subsurisce Barrler Sysism
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Fid. 2. Schamatic Drawing of Top View of Subsurisce Barrier System

the concentrations inside the bamier. The monitoring point of
the imternal wells are located approximately 1 m from the
source, The tank represents a simulated waste form and has
dimensions of 3 m in diameter and 2.4 m in height

To support the PFT testing procedure, modeling of the PFT
gas movement has been conducted for the subsurface system
with the soil'cement bamier. The modeling was used 1o esti-
mate the rate at which the tracer will travel through the barrier
and reach the monitoring wells, 1o demonsirate the effects of
small holes (1-10 cm) on concentration at the well, and the
effects of the waste tank on movement of the gas. This mod-
eling informatlon was wsed to assist in the determination of
injection rates for PFTs into the subsurface system, the fre-
quency and durstion of sampling, and the time 1o Aush (he
tracers from the system prior to testing the soil'cement/poly-
mer barrier.

CONCEPTUAL MODEL

The problem involves transport of an injectad tracer through
an engincered barrier (scilfcement) to & monitoring well. To
meodel this requires knowledge of the rate of tracer injection,
lecation of injection, geometry of the system, location of the
monitoring wells, and transport properties of the PFT through
the soil and soilfcement barrier.

The diffusion equation with a time-dependent external
sogrce is used 1o solve for the movement of the tracer from
the inpection location throughout the modeled domain. In cy-
linddrical coordinates the equation is (Sullivan and Sucn 1989)

y B,
ﬂ'ﬂ{ra: Lﬂ:?-ﬂ{r. H,I.f}?'c[r-ﬂﬁi"}d. Hi{r-. B.E-:}

{n

w]mﬂr,ﬂ,:,ﬂ:mmuﬂlm{mgﬂf}
Dir, 8, z, /) = diffusion coefficient (length’time); and M.(r, 8, 2.
1) = rate of tracer injection nto the system (masslength’Vime).

In this application, the source term, M, i5 provided by in-
Jection of PFT into the center of the inveried cone directly
beneath the waste tank. Therefore, M0, z, £ describes the
gource wsed in these experiments. In addition, o simplify the
analysis cylindrical symmetry is assumed. This is a valid as-
sumpiion provided the barmier s indact, If the barrier is not
intact and has & breach, it may not be possible to assume
cylindrical symmetry, Therefore, to simulate this physical sys-
iem described in the previous section (Fig. 1), & two-dimen-

B3 F JOURMAL OF ENYIROMMENTAL ENGINEERING / JUNE 1958

sional cylindrical slice through the center of the cone was
taken. The tank in Fig. | was represented as a no-flow bound-
ary. For simplicity and because of the lack of site-specific data,
it is assumed that there are two distinct materials in the sub-
surface system, the soil and the soilfcement barrier. The soil
inside the barrier is assumed o be identical to that ouiside the
barrier in terms of its transport properties {e.g., diffusion co-
efficient).

Simulations with a completely intact barmier were performed
a5 & baseling. Then the effects of having small imperfections
(caused by imperfect grouting) were studied. In this analyais,
the imperfections are represented as a hole through the entire
wall, Due to the assumption of cylindrical symmeiry, the hole
is assumed to be wniform around the circumference of the
barricr. While this assumption should not be realized in prac-
tice, it is adequate for preliminary studies of the effects of a
hole in the azimuthal plane of the imperfection, The range of
hole sizes that were modeled was betwesn | and 10 cme

The dominant ransport process for alr in soil systems is
believed to be diffusion (Hillel 1983). Advection resulting
from barometric pressure changes can facilitate the release of
thee tracers 1o the atmosphere and was considered in the initial
phase of the modeling. The advection due to barometric pres-
sure changes is expected o vary cyclically. Thess pressure
changes will lead 10 Umes when the flow is into the soil and
times when the Aow is directed out of the soil. The results
imdicated that for likely walues of the cychcal advection ve-
Imcity, diffusion would be the dominant ransport process as
expected and advection could be neglected (Sullivan et al.
1996). Substantial differences between the predicted concen-
trationg of the diffusion only and diffusion with the cyclical
advection case occurred only in the top meter of the soil,

The PFT perfluoromethyleyclohexane (PMCH) was used in
these tests, The measured diffusion coefficient for the tracer
PMCH in air is 5 % 107* em’/s. Measured values in the soil
system at the Hanford geotechnical test facility are not avail-
gble, T account for tomuosity effects in the sobl, the diffusion
coefficient of the PMCH in the soil has been estimated as 107
cm’fs for the base case. This value is similar o that for radon
gas in dry scils (Mielson and Rogers 1982). The west sie is
arid; therefore, dry soils are expected. As the moisture content
of the soils increase, the diffusion coefficient decreases. This
effect is penerally minor umtil spturation of the soils is ap-
proached, At saturation, the diffusion coefficient will be that
of the tracer in waler, which s generally four or five onders



of magnitude lower than in air. Estimates of radon diffusion
coefficients a5 a function of degree of saturation ane available
(Mielson and Rogers 1982). The same diffusion cocfficient 15
used for the soil inside and cutside of the barrier.

The diffusion coefficient through the soilfcement was se-
lected as 107 cm’fs. The range of diffusion coefficients for
radon gas through residential concretes is 107'=5 % 107" em’/
s (Rogers et al. 1984), A value from the low end of the range
was selected in an attempt to provide a lower estimate of re-
lease to the monitoring wells and 1o ensure that sampling
would be able to detect the FFTs. It is expected that diffusion
coefficients in the soillcement barrier will be toward the high
end of the residential concrete data

COMPUTATIONAL MODEL

The subsurface barrier system is modeled in cylindrical ge-
ometry using a two-dimensional finite-clement transpart code,
BLT (Sullivan and Suen 1989). This problem has two size
scales. The first scale is that of the system iself. The height
from the bottom of the subsurface barrier to the ground surface
is 6.3 m, The radius of the barrier was also approximately 6.3
m and a total distance of 12.8 m was simulated in the direction
parallel to the ground surface. The second scale is that of the
size of the potential breach that is on the order of a few cen-
timeters, It would require nearly 1,000,000 computational
points to model the entire system on the scale of 1 cm. This
is not computationally feasible. To sccount for the two scale
sizes, varishle mesh spacing was used. A fine mesh (order of
1 em) was used in the region of the hypothetical breach, The
mesh was increased in size as the distance away from the
hypothetical breach increased. The slanting soil/cement barrier
was modeled through definition of the finite elements used to
represent the barrier to also slant at a =/ rad (45") angle-
These two details led to a complicated finile-slement mesh
with 3,000 computational points (Fig. 3). Removing the as-
sumption of azimuthal symmetry would require a three-di-
mensional simulation of the transport of the contaminant. This
would require at least an order of magnitude more detail to
simulate the spatial resolution appropriately.

Initially, the system is tracer free with the initial condition
of zero concentration at all locations. The boundary condition
asaumed zero fux at the centerline dus 1o the assumed sym-

Dar fux

metry. The specified-concentration boundary conditions where
C is specified as zero were used at the top boundary and right-
hand boundary defined in Fig. 3. The right-hand boundary is
located at a large enough distance such that the tracer does not
reach the boundary during the simulation period of 0.1 years,
The 1op boundary was sclected 1o have zero conceniration o
represent PFT concentrations in the atmosphere that are as-
sumed o be zero. Mumerical analysis performed with flow out
of the ground surface and imto the atmosphere indicated that
the zero concentration boundary condition is an excellent ap-
proximation dwe to the higher transport rates in the atmosphere
(higher diffusion snd advection rates). The bottom boundary
in Fig. 3 is represented as & zero mass-flux boundary, This will
cause a slight overestimation of the concentrations in the mod-
eled domain.

In the base case, the source was treated as a poind source
being injected af the centerline at an elevation 97 cm above
the botom of the facility. Because the injection of tracer dur-
ing the experiment was through & 1/4-in. o.d. copper tube, the
point-source approximation is an adequate representation of
the experiment. This location is 40 cm above the top of the
soil/cement layer in Fig. 3, Two injection scenarios were miod-
eled: a 3.7-day pulse injection and continuous injection over
the entire simulation period of 36.5 days. The air-injection raie
was assumed to be 30 em’/min at a unit tracer concentration.
The mathematical representation of the system as defined in
{1} exhibits a linear respomse (o the injection concentration.
This linearity property was used 10 normalize all of the sim-
ulation concentrations 1o the injection concentration,

PFT tracers are nonreactive in soil systems and can be de-
tected at bevels of ome part in 10", Typically, injection con-
centrations are on the order of 1 ppm. Therefore, the detection
limit will be approximately 107" of the incoming concentra-
tion. One objective of the modeling work was to define the
time at which the PFTs will first be detected ai the monitoring
wells and the time evolution of concentration at the monitoring
wells. For the purposes of defining the experimental protocol
(source strength and duration of injection), the minimum de-
tection limit for the PFT was multiplied by a safety factor of
100, This provides a goal for the concentration to reach a value
of one part in 10" in the monitoring wells. Assuming an in-
jection concentration of 1 ppm, the projected concentrations

e s i the bt hand bourdiry (cenlsing dus o symmalry
FIG. 3. Finks-Element Grid Used to Simulats Flew Throwgh Subsurisce Barrler System
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calor key is presented in Fig. 5. All projected concentrations
are normalized (o the injection concentration,

In Fig. 4, it is seen that for the base-case parameters, the
simulated soilfcement wall provides an effective barrier to mi-
gration of the PFTs. Concentrations at the well 14.6 days afier
the beginning of tracer injection are more than eight orders of
magnitude less than the injection concentration. Ingpeciion of
the output files indicates that the projected baseline concentra-
tions are nine orders of magnitude less than the injection con-
centration al this time. Concentrations & the monitoring well
excesded the minimum design-basis value of 1077 afier 30
dayys,

To determine the effect of the barrier diffusion cocfficient
on release, the base case was modified by increasing the bar-
rier diffusion coefficient by an order of magnitude to 107* cm®f
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No Hole
Continuous Source
/ Dsoil = 1E-2 cmis

Dgrout = 1E-4 cmils
FiG. 4. Concentrations at 14.6 Days for Intact Barrier with Soll Diffusion Cosificlent of 2 = 107 cm’/s and Barrler Diffusion Cosfil-
clant &l 2 = 107" om®'s
at the well normalized to the source concentration must exceed B -5c:
107"

Due 1o the choice of values of the diffusion coefficients H E7-5E2
from the low end of the expected range for the soil and soilf s
Erout, it is expected that the concentrations estimated based B =2 E2
mﬁnhwms:_nmd&lpnmnm“swiﬂ be much |_ﬂ4_lhm‘|-l]_1: [ ] 1E3-5E3
actual concentrations. In effect, the model predictions will
overpredict the time it takes o reach the design-goal concen- ] 5E-4-1E3
tration of one part in 10",

1E-4 - 5E-4
" MODEL RESULTS FOR DESIGNING EXPERIMENT
: EYT]  SE-5-1E-4

The computer code BLT (Sullivan and Suen 1989) was used
to solve the preceding equations for the tracer plume due to ESE 1E5-5E5
injection of the tracer. A variety of cases with 8 wide range of )
paramelsrs was considered to assist in gaining an understand- B icc-1E5
ing of the sysiem behavior. The objective of thess simulaions i
was 0 cstimate the time evolution of tracer concentration at B 56566
the monitoring well,

The time evolution of the tracer plume was followed for Bl E7-EG
36.5 days. In the base case, a diffusion coefficient of 10°% cm®f 1E.7 - 8E.7
s for all soil regions in the modeled domain and 107 cm'fs i ]
in the grout wall, In the base case, it is assumed that the sub- E=3 s€¢-1E7
surface barrier wall is intact and no substantinl breach occurs.

In the simulation tracer was injected for the entire simulation ] 1E-&-5E8
pericd. The results of the simulation at 14.6 days after the start
of the experiment are presenied in Fig. 4. The contour plot [] =1Es

FiG. 5. Contour Plot Color Key (Normalized Concantration)

s This value is expected 10 be more representative of the soil/
cement barrier because it is in the middle of the range of
measured radon diffusion coefficients through residential con-
cretes (Rogers et al. 1984). With a soil/cement diffusion co-
efficient of 107" cm¥s, a review of the output files indicated
that the predicted concentrations at the monitoring well at 14.6
days reached a maximum mormalized concentration of 7 X
107" and averaged more than 107, This is much greater than
the design-basis concentration,

To determine the effect of a small breach in the barrier a 5-
cm gap was simulated as having the same diffusion coefficient
as the soil, 107" em®/s. The hypothetical gap in the barrier was



located at an elevation of 1.8 m from the bottom of the mod-
eled domain, 0.8 m higher than the source. The total distance
from the source to the edge of the hypothetical gap in the
barrier i5 1.8 m. The results of this simulation at 14.6 days
after the siart of the injection (Fig. 5}, mdicate that the breach
has & pronounced effect on the iracer plume. Streaming
through this S-cm breach is clearly evidenmt. The peak nor-
malized concentration at the well is 4 % 107", Average con-
centrations along the lower seciion of the well are above 107%,
a three-order-of-magnitude increase over the projected con-
centration for the imsct wall. In fact, the projected concentra-
tions ol the monitoring well for the 5-cm hole simulation was
of the same order of magnitude as the case with the barrier
diffusion coefficient increased an order of magnitucle over the
base-case walue.

In all three cases, the tracer plume within the region
bounded by the subsurface barrier is almost identical. Average
concentrations in this region are approximately 107°, four or-
ders of magnitude lasger than at the monitoring well location
for the case with a barrier breach. This indicates that only a
small fraction of the tracer reaches ithe monitoring wells under
the conditions simulated,

The gap size varied from 1 to 10 cm and the results were
similar, Even a l-cm gap would permit the concentration of
PFT tracer that reaches the monitoring well o exceed the base
case (an intact barrier) value by 2-3 orders of magnitude in
the early siages (Le., before diffusion through the barmier be-
COmes BN important source at the wells). The large increase in
predicied release due v a small breach indicates that resolution
of breaches on the order of a centmeter in size should be
possible. However, this needs to be demonstrated on feld-
scale problems, The assumpon of radial symmetry most
likely will not be valid if & breach ocours, Mosi likely any
breach would have been localized in space. In this case, a
thres-dimensional representation of the subsurface system
would be appropriaie.

In the field experiment, a breach would be indicated if the
measured concentrations in the eight external monitoring wells
differed by a several orders of magnitude. Relatively uniform
concentrations at the monitoring wells indicates that a breach
has not occumed,

COMPARISON OF EXPERIMENTAL RESULTS WITH
MODEL PREDICTIONS

To test the concept of monitoring barrier performance with
FFTs, tracers were continsally injected for three days into the

barrier
/

area contained by the soilcement barrier (Fig. 1), just beneath
the emply tank at the center of the region bounded by the cone,
Air spiked with the tracer PMCH was injected through a 1/4-
in-o.d. copper tube at & rate of 0.2-0.25 cm's at a PMCH
concentration of 373 ppm. Seven monitoring wells were lo-
cated parallel and approximately 1 m outside of the barrier,
The wells are designated by compass direction, i, N for
north, ME for northeast, eic, The eighth well af the location
designated as west malfunctioned. Measurements for PFTs
were taken from each well for 18 days after the stant of injec-
tion. Exterior monitoring wells were slotted over their length.
Samples were taken by inserting a sampling port at the end of
a steel rod. The rod was inserted to the appropriate sampling
depth and a sample was taken passively. Sample sizes ranged
from 1=60 mL.

FFT concentrations within the region bounded by the bamer
were measured during the three-day injection period. Interior
wells were slotted over the length of the well. Therefore, mea
surements are representative of the average over the well vol-
ume. The data gshowed a net drift ioward one side of the bar-
rier. The interior monitoring well designated as M, for north,
hagl rveasured concentrations approximately one-order-of-mag-
mitude greater than the interior well designated 5, for south, If
diffusion was the only transport mechanism, the concentrations
at these two wells, which are equidistant from the source,
would be equal. Therefore, advection is cccurring. The cause
of this net drift is not known; however, it has been postulated
that it is due to the injection flux (0.2-0.25 cm'fs). This and
other possible explanations are under investigation. The fact
that there is & drift indicates that the exterior concentrations
an wells near the north slde should excesd those on the south
side by an order of magnitude provided the barmier is intact
{i.e., no breach),

The time evolution of measured concentration mormalized
iz the injection concentration at the seven exiernor monitonng
wells is displayed in Fig. 6. Each of the monitoring wells
shows aimilar behavior over time. The spread in the measured
concentrations is approximalely one order of magnitude and
this is consistent with the internal well-monitoring data; ie.,
highest concentrations are measured on the norh side of the
facility. The drop in concentration between the inner and owter
monitoring wells (i.e., across the barrier) was approximately
four orders of magniwde at the end of the injection period of
three days. There was no evidence of a substantial breach in
any region as the drop in concentration across the barrier was
consistent at all monitoring wells. The aciual measured PFT

Tliilﬂ{iﬂg well — ground level
2 £

5 cm Hole
Confinupus Source
Dsoil = 1E-2 cmifs
Dgrout = 1E-4 cmils

FIG. & Concentrations st 14.6 Days for Barrler with 5-cm Breach and Soll Ditfuslon Cosfficlent of 2 % 107" cm''s and Barrler Diffu-

slon Coefficlent of 2 x 107" em’ls
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concentrations are in the range of 100 pars per trillion (nor-
malized concentration of 3 % 1077} to 1040 parts per quadrillion
{normalized concentration of 3 % 107%),

To estimate diffusion coefficients in the soil and the barrier,
prospective model evaluatons were performed. The compu-
tational model is similar to the one described 16 examing the
influence of a breach in the barder (Fig. 2), with the exception
that the dimensions were changed to match the as-bult di-
mensions exaclly and the source location was changed to re-

fAect the experimental conditions. The major change in input
involved increasing the barmer thickness o 1.15 m and ad-
justing the location of the source 1o directly under the simuo-
lated waste tank. To facilitate comparison of the measured val-
ues obtained from the slotted wells, average concentrations
were estimaled by taking the numerical average of concentra-
tions along the region of the moenitoring well.

The base-case diffusion coefficient values, D, = 107% em®
g and D,y = 107 cm's, provided concentration estimates (on
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FiG. 7. Time History of PFT Concantration in Seven Exterlor Monitoring Wells
1E& -
1E-8
BT+
= #verage Wall Conosniraton
EB = == Dol = GE-2 : Dwall = BE-3
—i— Dol = 2E-2 - Owall = 2E-3
—— Diacdl w SE-2 - Dwall = 1E-3
—ii— Bass Cass Dooll = 1E-2; Dwall = 1E-4
1E-B +
180 r 1— & . — 1 |
=] 2 4 [ [ 12 1 8 L] 20

Tiea (days]
FiG, 8. Comparitscn of Tima History of Average Monlioring Well Concentrations with Medsl Resulla

488 [ JOURMAL OF ENVIRONMENTAL ENGINEERING / JUME 1598






